INTRODUCTION
the development of the somitic and neural crest-derived skeleton, the central nervous system, and the limbs. Much The Hox gene family in the mouse consists of 39 genes less is known about the roles these genes play in mediating encoding transcription factors which function to regulate organogenesis. Many of the Hox genes have complex expresembryonic development along the anteroposterior axis sion patterns in developing organs, and even in adult organ (Chisaka and Capecchi, 1991; Chisaka et al., 1992; Letissue (Dony and Gruss, 1987; Krumlauf et Mouellic et al., 1992; Condie and Capecchi, 1993, 1994; Fibi et al., 1988; Holland et al., 1988; Schughart Dollé et al., 1993; Gendron-Maguire et al., 1993; Jeannotte et al., 1988; Bogarad et al., 1989; Gaunt et al., 1989 Ramirez-Solis et al., 1993; Rijli et al., 1993 , Frohman et al., 1990 Kress et al., 1990; Dollé et al., 1991; Small and Potter, 1993; Davis and Capecchi, 1994, Whiting, 1991; Geada et al., 1992; Sham et al., 1992; Tan 1996; Kostic and Capecchi, 1994; Davis et al., 1995; Satoet al., 1992; Wall et al., 1992; Behringer et al., 1993; Goto kata et al., 1995; Suemori et al., 1995; Barrow and Capecchi, et al., 1993; Haack and Gruss, 1993; Peterson et al., 1994 Peterson et al., ), 1996 Benson et al., 1996; Boulet and Capecchi, 1996; Fro- but few of the Hox mutants described to date have been mental- Ramain et al., 1996a,b; Goddard et al., 1996; Zakany shown to have defects in organogenesis or organ function. and Duboule, 1996) . To date, the analysis of Hox genes has This may indicate that the role of Hox genes in organogenebeen primarily directed toward understanding their roles in sis is highly redundant. ( Davis et al., 1995) .
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The first Hox mutant mouse described, the Hoxa3 mu- tant, has multiple defects in organogenesis. In addition to defects in the development of the throat cartilages and crafor example, is more important than its paralogs in mediating the formation of the cervical vertebrae. While Hoxd3-nial nerves (Chisaka and Capecchi, 1991; Capecchi, 1995, 1997) , these mice mutant for Hoxa3 showed mutant homozygotes show defects in the formation of the atlas and axis (Condie and Capecchi, 1993) , Hoxa3-mutant deletions of the thymus, and parathyroids, as well as thyroid hypoplasia. Hoxa3 is expressed in both the neural cresthomozygotes do not, and Hoxb3 mutants show only very mild cervical vertebrae malformations at low penetrance derived mesenchymal cells of the pharyngeal arches and in the pharyngeal endoderm. The Hoxa3 mutant phenotype (Manley and Capecchi, 1997) . With respect to the formation of the pharyngeal glandular organs, Hoxa3 appears to be the appears to reflect deficiencies in both of these cell types (Manley and Capecchi, 1995) . major player. As already mentioned, Hoxa3-mutant homozygotes have defects in the formation of the thymus, thyThe pharyngeal glandular organs in mammals have complex developmental origins. All of these organs, thyroid, thyroid, and parathyroids. On the other hand, mice individually mutant for Hoxb3 or Hoxd3 do not show defects in these mus, parathyroids, and ultimobranchial bodies, develop concurrently and migrate from their sites of origin in the pharorgans. We report here that there is also a quantitative component in the effect of Hox3 genes on the development of ynx and pharyngeal pouches to their final positions along the ventral midline of the pharyngeal and upper thoracic the pharyngeal glandular organs. In mice doubly mutant for Hoxa3 and Hoxb3 or Hoxa3 and Hoxd3, the defects in the region. The normal migration and development of these organs in the mouse is shown in Fig. 1 . In addition to their thyroid and ultimobranchial bodies are exacerbated. Furthermore, while Hoxb3,Hoxd3 double mutants have no obmigration patterns, the organ primordia interact with one another during these migrations. Although they arise indevious defects in the thymus or parathyroids, removal of one functional copy of Hoxa3 from such double mutants pendently, the parathyroids migrate in association with the thymic lobes and then stop and become closely associated (Hoxa3
,Hoxb3 0/0 ,Hoxd3 0/0 ) results in the failure of these organ primordia to migrate to their normal positions in the with the thyroid gland. The parathyroids can become embedded within the thyroid, but always remain as a separate orthroat. Thus, these three Hox genes have highly overlapping functions in mediating the proper migration of these organs. gan. Even more strikingly, the ultimobranchial bodies actually fuse with the thyroid in mammals, and their cells, the parafollicular cells, fully disperse with the thyroid follicular cells. This is in contrast to birds and fish, in which these
MATERIALS AND METHODS
complex movements and interactions do not take place. In chickens and zebrafish, the pharyngeal pouch-derived glands (thymus, parathyroids, and ultimobranchial bodies) develop Generation of Single, Double, and Triple Mutants entirely at their sites of origin and remain as bilateral pharynand Genotype Analysis geal structures. The molecular mechanisms underlying these Mice heterozygous for the Hoxa3, Hoxb3, or Hoxd3 mutation or movements in mammals are poorly understood. As we will homozygous for the Hoxb3 mutation were intercrossed to generate see, however, it is intriguing that in mammals Hox genes, homozygous mutants for each of the individual genes. Mouse colowhich are used to specify position along the major embryonic nies for the three double-mutant combinations were generated by axis, also affect the migratory patterns of these organs. Hoxa3, Hoxb3, and Hoxd3, on the formation of the axial blot or PCR analysis, have been described previously (Chisaka and skeleton and cranial ganglia (Manley and Capecchi, 1997) . Capecchi, 1991; Condie and Capecchi, 1993; Manley and Capecchi, Surprisingly in the studies of cervical vertebrae formation, 1995, 1997 (Manley and Capecchi, 1997) .
(PBS), and embedded in Paraplast X-tra. Ten-micrometer sections Nevertheless, particular Hox genes appear to have domiwere stained with hematoxylin and eosin (H&E), mounted in DPX, and photographed as previously described (Mansour et al., 1993) .
nant roles in the development of specific structures. Hoxd3,
Immunohistochemistry
ing using a horseradish peroxidase-conjugated secondary antibody (Wall et al., 1992; Gamer and Wright, 1993) . Continuous serial Calcitonin and thyroglobulin immunohistochemistry were persections from the level of the hyoid bone (or above) through the formed as previously described (Manley and Capecchi, 1995) . Both normal level of the thymus were examined. Primary antibody incuhormones were detected using commercially available polyclonal bation was performed using a 1:200 dilution; appropriate secondary antibodies against human calcitonin or thyroglobulin (ICN). Approantibodies were used at 1:1000. Color reactions were developed priate staining was seen only in the thyroid or ultimobranchial using diaminobenzidine. Sections were counterstained with nubodies with both antibodies. Briefly, newborn animals were sacriclear Fast Red (Mansour et al., 1993) , and mounted in DPX. Five ficed by CO 2 asphyxiation, fixed in 4% formaldehyde in PBS overnight at room temperature, and embedded in paraffin. each of the Hoxa3,Hoxb3 and Hoxb3,Hoxd3 double mutants were c None of the three mutant classes containing all three genes (AaBbDd, AabbDd, Aabbdd) were assayed for calcitonin expression; therefore, ub phenotypes were scored only for persistent, but not absent or partly fused, ubs.
examined by immunohistochemistry with both antibodies. Six
RESULTS

Hoxa3
,Hoxd3 mutants were examined, three with antibody staining and three with H&E staining of serial sections. 
Hoxb3 and Hoxd3 Single Mutants Have Normal Thyroid Glands Whole-Mount in Situ Hybridization and Sectioning
Both Hoxb3 and Hoxd3 Mutations Exacerbate the Hoxa3 Ultimobranchial Body Mutant Phenotype
Hoxd3 0/0 newborn thyroid glands, indicating that there was no apparent defect in thyroid development in these mutants
In order to determine whether Hoxb3 and Hoxd3 contrib-( Fig. 2 and data not shown) . Calcitonin-positive cells were ute to the formation of the thyroid, all three double mutants present in normal numbers and were distributed throughout were examined at the newborn stage for both calcitonin and both thyroid lobes. Both the follicular cells and the colloid thyroglobulin expression. The results were then compared in the thyroid follicles were strongly positive for thyroglobto those obtained with the Hoxa3 mutants, and are summaulin. Analysis of the Hoxa3 single mutant with the thyrorized in Table 1 . Exacerbation of the Hoxa3 0/0 ultimoglobulin antibody also showed strong production and secrebranchial body phenotype was seen in both the Hoxa3,-tion of thyroglobulin, even in animals which showed disorHoxb3 and the Hoxa3,Hoxd3 double mutants. None of the ganization of the thyroid follicles (not shown). These results double-mutant combinations resulted in thyroid agenesis. show that only the Hoxa3 single mutants have defects in
In the previous analysis of Hoxa3 single mutants, unilatthe thyroid and ultimobranchial bodies, and that none of eral persistent ultimobranchial bodies (i.e., ones not fused the mutations individually affects the ability of the follicuwith the thyroid as is normal) were seen in three of five mutants examined. The remaining two Hoxa3 mutants had lar cells to produce and secrete thyroglobulin. , that reached more anteriorly than the lateral thyroid lobes. (E) Both lateral lobes and the pyramidal lobe seen at a more posterior section. These three lobes remained as separate lobes, not fusing at any axial level. Because no calcitonin-positive cells were ever present on the right side of this animal, it was scored as having one persistent and one absent ultimobranchial body. (F) Higher magnification of the section shown in D, showing the calcitonin-positive ultimobranchial body and the adjacent anterior end of the left thyroid lobe. This ultimobranchial body has holes that do not have a follicular appearance (asterisk). cv, cervical thyroid tissue; py, pyramidal thyroid lobe; tc, thyroid cartilage; tl, thyroid lobe; u, ultimobranchial body.
normal numbers and distribution of C cells within the thybody phenotype, which was never seen in the Hoxa3 single mutants. roid. Both Hoxa3,Hoxb3 and Hoxa3,Hoxd3 double mutants had a 100% penetrance of persistent ultimobranchial bodIn the Hoxa3,Hoxd3 double mutants, all animals showed bilateral persistent ultimobranchial bodies, located anterior ies. In addition, three of five Hoxa3,Hoxb3 and all Hoxa3,-Hoxd3 double mutants had a bilateral ultimobranchial and dorsal to the thyroid lobes (Figs. 3B and 3C ). In the Hoxa3,Hoxb3 double mutants, a variety of ultimobranchial numerous follicles; however, these ultimobranchial bodies are far anterior to and well separated from the thyroid lateral body phenotypes was seen, including absent, persistent, and partially fused ultimobranchial bodies. Both bilateral and lobes, and there are no calcitonin positive cells present in the thyroid lobes themselves. We interpret these to indeed unilateral defects were seen, and phenotypes often differed on two sides of the same animal (Fig. 4) . Absence of ultimobe ectopic ultimobranchial bodies, rather than fragments of the thyroid lobes. These results support the possibility that branchial bodies was scored as those cases exhibiting no persistent ultimobranchial body and no C cells in the thyfollicular cells can arise from ultimobranchial bodies as well as from the thyroid diverticulum (see Discussion). roid lobe. Cases scored as partially fused ultimobranchial bodies were those in which a group of calcitonin-producing cells was attached to the dorsal anterior end of one follicular
Structure of the Thyroid Lobes in Double Mutants
lobe, but the cells had not integrated into the thyroid follicular structure. Double mutants were also scored for defects in the structure of the thyroid gland itself, to determine if all three The Hoxb3,Hoxd3 double mutants also showed partially fused ultimobranchial bodies, although at low penetrance.
genes also had a role in the development of the thyroid diverticulum. The thyroid normally consists of two lateral Of five newborns examined, two showed partially fused ultimobranchial bodies, one bilaterally (Fig. 3D) , and one unilobes, joined at the caudal end by an isthmus of follicular tissue located ventral to the trachea (see Fig. 1 ). Both the laterally. The remaining animals showed normal numbers and distribution of C cells within the thyroid lobes. ParHoxa3,Hoxb3 and Hoxa3,Hoxd3 double mutants had a 100% penetrance of defects in the isthmus, and penetrance tially fused ultimobranchial bodies were not seen in the six wild-type, four Hoxb3
, and five Hoxd3 0/0 animals of defects in lateral lobe structure similar to that of the Hoxa3 single mutant (Table 1) . Although the penetrance examined.
An additional feature of the persistent ultimobranchial was similar, the severity of these defects did increase in these double mutants, particularly in the isthmus. In the bodies seen in the double mutants is that they were consistently located more anteriorly in these animals than those Hoxa3,Hoxd3 double mutants, five of six animals had no isthmus, increased from three of five in the Hoxa3 single seen in the Hoxa3 single mutants. Persistent ultimobranchial bodies in Hoxa3 single mutants were located adjamutant (Table 1) . One of these animals also had small remnants of cervical thyroid tissue far cranial to the thyroid cent to the anterior end of the thyroid lobes, at the posterior aspect of the thyroid cartilage. Persistent ultimobranchial lobes (Fig. 4A ). In the one remaining Hoxa3,Hoxd3 double mutant, and in the three cases where thyroid tissue was bodies in the double mutants were often located at the most dorsal and anterior aspect of the thyroid cartilage (Figs. 3B , present in the ventral midline in the Hoxa3,Hoxb3 double mutants, it appeared as a pyramidal lobe (triangular thyroid 4A, and 4D), 50-100 mm anterior to the thyroid lobes. The ectopic location of these persistent ultimobranchial bodies lobe extending anteriorly from the isthmus in the ventral midline), rather than a simple anterior displacement of the suggests a separate defect in organ migration, as opposed to the failure of the ultimobranchial bodies to fuse with the isthmus (Figs. 4D and 4E; Table 1 ). In both of these doublemutant classes, this pyramidal lobe attached either to only thyroid lobes as seen in the Hoxa3 mutants (see below).
Some ultimobranchial bodies also contained what apone lateral lobe or to neither lobe (Fig. 4E ). In the Hoxa3 single mutants with a displaced isthmus, the morphology peared to be follicular structures (Figs. 3C and 4C) , or large holes (Figs. 3B and 4F) . Examination of the ultimobranchial was normal, not pyramidal (not shown). Although the apparent increase in the frequency of isthmus deletion in the bodies present in H&E-stained sections of Hoxa3,Hoxd3 double mutants showed that these follicular structures did conHoxa3,Hoxd3 double mutants is not statistically significant due to the small numbers of animals examined, this obsertain colloid, which indicates the production and secretion of thyroglobulin (data not shown). In the Hoxa3,Hoxd3 double vation combined with the morphology of the ventral thyroid tissue when present in these double mutants supports mutant shown in Fig 3C, both ultimobranchial the conclusion that thyroid defects are increased. The material (Table 1 ; Fig. 6A ). Removal of one additional copy of Hoxb3 (Hoxa3
,Hoxd3 //0 ), resulted in a uniHoxb3,Hoxd3 double mutants examined showed no defects in the structure of the thyroid lobes or the isthmus. lateral ectopic thymus, bilateral ectopic parathyroids, and one ectopic ultimobranchial body in one of two animals All single and double mutants were also tested for thyroglobulin production by immunohistochemistry. All mutant examined with this genotype (Figs. 5A and 5C and data not shown). The other half of the thymus in this animal was classes showed strong immunoreactivity to the thyroglobulin antisera in both the follicular cells and the colloid of located at the midline, similar to the normal position for the thymus. The second animal of this genotype had normal the follicles, indicating normal expression of thyroglobulin (Fig. 2E and data not shown) .
thymus and thyroid glands, but still had one ectopic parathyroid gland and one ectopic ultimobranchial body. The combination of defects seen in these animals shows that
Group 3 Paralogs Regulate the Migration of the
parathyroid and thymus migration can be affected sepa-
Thymus and Parathyroids
rately, even though they normally migrate together. None of the five Hoxb3 0/0 ,Hoxd3 0/0 double mutants examined Because the Hoxa3 mutant has an early deletion of the thymus and parathyroids, double mutants with Hoxa3 were ever showed ectopic organs, indicating that at least one copy of all three paralogs must be mutated in order to see this not informative as to the role of the other paralogs in the development of these organs. Previous histological examimutant phenotype. The normal appearance of the triple heterozygotes further suggests that this phenotype requires the nation of Hoxd3 single mutants showed no obvious defects in the thymus and parathyroids (Condie and Capecchi, mutation of at least four total copies of the group 3 paralogs, indicating that this is a highly redundant function of this 1993). We also saw no defect in the thymus or parathyroids in the Hoxa3 heterozygous, Hoxb3 single-mutant, or gene family. Hoxb3,Hoxd3 double-mutant newborns. The thymus was of normal size and placement, and had well-organized cor-
Only Hoxa3 Is Expressed in the Pharyngeal Pouch
tex and medullary regions ( Fig. 5B ; Table 1 ). Parathyroids Endoderm were always present bilaterally near the thyroid, and appeared normal (data not shown).
The results from the analysis of Hoxa3
0/0 newborns show that while the migration of the Because mutations in Hoxa3 alone have such a profound impact on thymus development, any functions of the thymus, the ultimobranchial bodies, and parathyroids is redundantly specified, the development of the thymus and Hoxb3 and Hoxd3 genes would be masked in mice with two mutant copies of the Hoxa3 gene. Therefore, we serially parathyroids requires at least one functional copy of the Hoxa3 gene to occur normally. Therefore, the formation of sectioned two newborn mice with only a single wild-type copy of Hoxa3 and mutant copies of all other genes within the thymus and parathyroids appears to be one function of these paralogous genes that is not redundantly specified. this paralogous group (i.e., Hoxa3 //0 , Hoxb3 0/0 , and Hoxd3 0/0 mice). In both of these animals, the thymus was This result could reflect a difference in the function of these closely related genes, a difference in their expression patformed, but appeared as two lateral lobes displaced anteriorly from the normal location of the thymus (Table 1; Figs. terns, or both. At E9.5, these genes have been reported to have similar expression patterns in the hindbrain, neural 5C and 5D). The organization and overall size of these lobes were similar to wild type, with clearly recognizable cortical crest, and pharyngeal arches (Hunt et al., 1991a,b) . We examined the expression patterns of these three genes in the and medullary regions. These ectopic lobes extended from a position medial to the cochlea posteriorly to the level of pharyngeal region at E10.5, immediately prior to the onset of pharyngeal organogenesis (Cordier and Haumond, 1980) . the thyroid gland. Ectopic parathyroid glands were found adjacent to the anterior ends of these ectopic thymus lobes Wild-type embryos were stained in whole mount for each of the three genes, and then sectioned to determine the (Table 1 ; Figs. 6C and 6D) . The thyroid itself appeared relatively normal, with normal location, lobe structure, and cellular localization of the signal. At this stage of development, the expression patterns of isthmus (recall that the Hoxb3 0/0 ,Hoxd3 0/0 newborns had grossly normal thyroid structure). No ectopic ultimothe three genes are similar, but not identical. All three genes are extensively coexpressed in the mesenchyme of the branchial bodies were identified; however, due to the low frequency at which animals of this genotype were obtained, fourth and sixth arches, which is primarily neural crestderived (Fig. 8) . In the third arch, Hoxd3 is expressed in immunohistochemistry for calcitonin was not performed, so the absent or partially fused ultimobranchial mutant pheonly a small subset of dorsally located cells, and Hoxb3 seems to be primarily expressed in more lateral regions of notype could not be scored. A diagram of the ectopic position of the thymus and parathyroids in these mutant mice the third arch mesenchyme. Hoxa3 is strongly expressed throughout the mesenchymal cells of the third arch. Most is shown in Fig. 7 .
The degree of overlap that these genes have for this funcstrikingly, Hoxa3 is the only one of these paralogs to be expressed in the endodermal cells of the third and fourth tion was further defined by the analysis of other genotypes that combine mutations of all three paralogs. All five triple pouch (Figs. 8A and 8D ). This unique expression of Hoxa3 in the pouch endoderm could provide an explanation for heterozygotes examined had normal thymus, parathyroid, and thyroid glands as shown by H&E staining of sectioned the apparently unique function that it has in the develop-ment of the pharyngeal organs. These results also suggest studies have shown that Hox genes play a role in cell migrations during development, particularly of neurons. In C. that the redundant function that these genes have in affecting the migration of the pharyngeal organs may be due to elegans, mab5 and lin39 are HOM C homologs that regulate cell migration of the Q daughter cells, which become sentheir coexpression in the neural crest.
sory neurons Kenyon, 1992, 1994; Harris et al., 1996) . Mutations in mab5 and lin39 affect both the direction and extent of migration of these cells during develop-CONCLUSIONS ment. In mice, Hox genes are also expressed in migrating neurons. Independent mutations in Hoxa1 and Hoxb1 affect We have used a genetic analysis of three paralogous Hox genes, Hoxa3, Hoxb3, and Hoxd3, to uncover a novel role the migration of motor neurons within the hindbrain (Carpenter et al., 1993; Mark et al., 1993; Goddard et al., 1996 ; for these genes in the morphogenesis of the pharyngeal organs. Our analysis showed that all three genes are important Studer et al., 1996) . In Hoxa1 mutant homozygotes, ectopic neurons that extend their axons to the seventh ganglion are for proper migration of the thymus, ultimobranchial bodies, and parathyroids, but only Hoxa3 seems to be required for found in rhombomeres 6, 7, and 8 and even in the rostral aspects of the spinal cord. Such neurons are never observed thymus and parathyroid organogenesis.
Development of the pharyngeal organs normally occurs in normal mice. A reasonable hypothesis for the presence of these neurons at such caudal positions is hypermigrations concurrent with their migration, during days E10.5 through E15.5 of development. The most severe defects seen in the of neurons normally restricted to rhombomeres 4 and 5. In the Hoxb1 mutants, motor neurons that originate in rhommultiple mutants correspond to events that normally occur around E12.5-E13.5 (see Fig. 1 ). The less severe ultimobomere 4 and contribute to the facial motor nucleus fail to migrate, resulting in the absence of the seventh motor branchial body phenotypes (persistent but not ectopic ultimobranchial body and partially, rather than fully, fused ultinucleus in these mutants.
The defect in thymus and parathyroid migration in the mobranchial body) correspond to a slightly later defect, at E13.5-E15.5. The migration of the organ primordia is Hoxa3
,Hoxb3 0/0 ,Hoxd3 0/0 mice combined with the apparently normal development of these ectopic organs shows unique to the pharyngeal organs, and the mechanism by which these cells migrate as a coherent group is not underthat pharyngeal glandular organ development and migration during embryogenesis are genetically separable events. This stood. However, since these tissues have a significant contribution from neural crest, it is tempting to suggest that result is consistent with the fact that in lower vertebrates, these organs do not migrate. The ultimobranchial body phemechanisms similar to those mediating migration of neural crest cells have been co-opted to allow the coherent migranotype could also be considered to consist of two separate defects, the failure of the ultimobranchial body to interact tion of these very large groups of cells. Consistent with this hypothesis is the coexpression of Hoxa3, Hoxb3, and Hoxd3 with the thyroid lobes and a failure to migrate properly. Both the migration defect and failure to fuse are redundantly in the neural crest that contributes to the development of these organs. Loss of early expression of these genes in the specified, although not to the degree seen in the thymus and parathyroids because the ultimobranchial body defects migratory or postmigratory neural crest could result in defective organ development and migration. Because these are seen in double mutants. It should also be noted that in chickens the ultimobranchial body does not fuse with the phenotypes resemble a block in organ migration at the E12.5-E14.5 stage, this phenotype could also represent a thyroid, remaining as a separate glandular organ. Thus, the changes in pharyngeal organ migration seen in these Hox later requirement for these genes. The expression patterns of these genes at later stages, and specifically in the pharynmutants represent defects in morphological events that are unique to mammals. geal organs, have not been examined in detail. Expression of both Hoxa3 and Hoxb3 have been reported in the develThe presence of follicles containing colloid in the ectopic ultimobranchial bodies suggests that some follicles may oping thyroid primordia (Gaunt, 1988; Sham et al., 1992) , raising the possibility that expression of these genes is rearise directly from the ultimobranchial bodies. The question of the embryological origins of the various cell populaquired later, during organ development.
Ectopic pharyngeal organs have also been reported in tions within the thyroid gland has long been controversial. It is generally accepted that calcitonin-positive C cells origiRARa/g double-mutant mice (Mendelsohn et al., 1994) . This phenotype was interpreted as resulting from the effect nate in the ultimobranchial bodies and are of neural crest origin (Pearse and Carvalheira, 1967; Moseley et al., 1968 ; of the RAR mutations on neural crest cell function. Since the retinoic acid signaling pathway is a potential activator Pearse and Polak, 1971; LeLievre and LeDouarin, 1975) . However, a number of studies have suggested that both C of Hox gene expression during development (see Krumlauf, 1994, for review) , the similarity between these phenotypes cells and follicular cells have a dual origin, with both cell types being able to arise from both the thyroid diverticulum is consistent with the suggestion that the aberrant migration of pharyngeal organs in mice with multiple mutations and the ultimobranchial body (Williams et al., 1989; Harach, 1991; Conde et al., 1992; Pueblitz et al., 1993) . Variain group 3 Hox genes is the result of the loss of expression of these three genes in the neural crest. tion in ultimobranchial body and thyroid morphogenesis between species has contributed to the confusion on this A possible explanation for the ectopic organs seen in these mutants is that there is a defect in cell migration. Several issue (Rogers, 1927 , and references therein). The apparent 
,Hoxb3
0/0 ,Hoxd3 0/0 newborn animals, the thyroid lobes appear essentially normal. Because the ultimobranchial body phenotype was not conclusively determined (see Results), they are not shown for this genotype. The thymus lobes are lateral and anterior to the thyroid. The parathyroids are associated with the thymus lobes medial to their anterior ends, which are located near the inner ear (arrows) .  FIG. 8 . Expression pattern of the group 3 paralogs at E10.5 in the pharyngeal arches and pouches. A and D have been previously published (Manley and Capecchi, 1995) and are included here for comparison. (A -C) Lateral views of the pharyngeal arch region of E10.5 wild-type embryos stained by whole-mount in situ for each of the group 3 paralogs. Dorsal is up, cranial is to the right. The arrow points to the third pharyngeal pouch in each panel. Hoxa3 is strongly expressed in the third pouch, while Hoxb3 and Hoxd3 are not. (D-F) E10.5 embryos first processed by whole-mount in situ and then embedded in paraffin, sectioned in the coronal plane, and counterstained with nuclear Fast Red. Cranial is up. Arrows point to the third pharyngeal pouches in each panel. Although all three genes are expressed in the arch mesenchyme, particularly in arch 4 (below the arrows), only Hoxa3 is expressed in the endodermal cells of the third pharyngeal pouch.
presence of colloid-containing follicles in some of the perBoth the thyroid diverticulum and the ultimobranchial body may be separately affected by these mutations. All sistent ultimobranchial bodies in the double mutants is consistent with thyroglobulin-producing follicular cells three paralogs have a role in ultimobranchial body development as revealed in the double mutants. While the increase having such a dual origin. Interestingly, in the Echidna ultimobranchial bodies never fuse with the thyroid gland, and in severity of the ultimobranchial body defects in the double mutants is clear, the effect on the follicular lobes of the also have colloid-containing follicles (Maurer, 1899) . However, the consistent lack of calcitonin-positive cells in the thyroid is less dramatic. The presence of pyramidal lobes and the broken thyroid lobe structure may represent an thyroid in the absence of ultimobranchial body fusion strongly suggests that the ultimobranchial body is the only increase in the severity of defects in the organization or migratory behavior of thyroid diverticulum-derived tissue. source of C cells, at least in the mouse.
both required for T-cell development in the thymus. Nature 362, Pyramidal lobes and cervical thyroid tissue are thought to 70-73. be remnants of the medial migration path of the thyroid. Auerbach, R. (1960) . Morphogenetic interactions in the developHowever, it is possible that any apparent exacerbation of ment of the mouse thymus gland. Dev. Biol. 2, 271-284. the Hoxa3 0/0 phenotype in the structure of the thyroid lobes Barrow, J., and Capecchi, M. R. (1996) . Targeted disruption of the could be secondary to the increased severity of the ultimo- 
